Abstract. University researchers have recently quantified the value of carbon sequestration provided by landscape trees (Ingram, 2012 (Ingram, , 2013 . However, no study to date has captured the economic costs of component horticultural systems while conducting a life cycle assessment of any green industry product. This study attempts to fill that void. The nursery production system modeled in this study was a field-grown, 5-cm (2-in) caliper Cercis canadensis 'Forest Pansy' in the Lower Midwest. Partial budgeting modeling procedures were also used to measure the sensitivity of related costs and potential benefits associated with short-run changes in cultural practices in the production systems analyzed (e.g., transport distance, post-harvest activities, fertilization rates, and plant mortality). Total variable costs for the seedling and liner stages combined amounted to $2.93 per liner, including $1.92 per liner for labor, $0.73 for materials, and $0.27 per liner for equipment use. The global warming potential (GWP) associated with the seedling and liner stages combined included 0.3123 kg of carbon dioxide equivalents (CO 2 e) for materials and 0.2228 kg CO 2 e for equipment use. Total farm-gate variable costs (the seedling, liner, and field production phases combined) amounted to $37.74 per marketable tree, comprised of $9.90 for labor, $21.11 for materials, and $6.73 for equipment use, respectively. However, post-harvest costs (e.g., transportation, transplanting, take-down, and disposal costs) added another $33.78 in labor costs and $27.08 in equipment costs to the farm-gate cost, yielding a total cost from seedling to end of tree life of $98.60. Of this, $43.68 was spent on labor, $21.11 spent on materials, and $33.81 spent on equipment use during the life cycle of each marketable tree. As per an earlier study, the life cycle GWP of the described redbud tree, including greenhouse gas emissions during production, transport, transplanting, take-down, and disposal, would be a negative 63 kg CO 2 e . These combined data can be used to communicate to the consuming public the true (positive) value of trees in the landscape.
The carbon footprint of a product is a measure of all greenhouse gases (GHG) emitted in a product's life cycle and is measured in units of tons (or kg) of CO 2 e. It is the impact indicator of primary interest to many stakeholders because it quantifies the GWP of a product or service. Because most GHG are produced through burning fossil fuels, the carbon footprint of a product is primarily related to energy consumption.
The primary GHG is carbon dioxide (CO 2 ) and the GWP of any greenhouse gas is compared with the GWP of CO 2 , which is set at 1.0. CO 2 evolution through such processes as burning fossil fuel has a negative impact and CO 2 uptake or sequestration has a longterm positive impact on the atmosphere. A carbon footprint is expressed as the net pounds or kilograms of CO 2 (or equivalence of other greenhouse gases such as CH 4 and N 2 O) released per functional unit of the product.
Life cycle assessment (LCA) is an approach that analyzes the flows associated with the whole life cycle of a product or a service, usually referred to as ''cradle-tograve'' (i.e., from raw material extraction, to manufacturing, use, recovery, and end-oflife). The first step in LCA is identifying the processes or steps for each stage in the life cycle. The inputs (materials and energy) and outputs (releases to air, water, soil, etc.) are determined for each step, evaluated for GWP, and summarized as the basis for drawing conclusions and improving future results.
The green industry supply chain includes input suppliers (manufacturers and distributors); production firms such as nursery, greenhouse, and sod growers; wholesale distribution firms including importers, brokers, re-wholesalers, and transporters; horticultural service firms providing landscape and urban forestry services such as design, installation, and maintenance; and retail operations including independent garden centers, florists, home improvement centers, and lawn/ garden departments at home centers, mass merchandisers, or other chain stores. Despite being referred to as the green industry, there have been concerns expressed in the mass media about the environmental friendliness of the industry given its prominent use of petroleum-based inputs (Evans and Hensley, 2004) .
Many current economic trends and driving forces point to the fact that the green industry is in a period of hypercompetitive rivalry as a result of the consumer demand exhibiting characteristics of being in the maturity stage of the industry life cycle (Hall, 2010) . However, the industry is a vital component of the economy in individual states and nationally, contributing $175.3 billion in economic contributions (Hall et al., 2011) . The home landscapes that are provided by the green industry also represent a substantial return on investment for homeowners, generating $1.09 to $1.35 in return for every dollar invested (Behe et al., 2005; Stigarll and Elam, 2009 ).
Although it is widely recognized that landscape trees and plants enhance property values, these plant materials also provide measurable and lasting environmental benefits. For example, trees, shrubs, and flowers sequester carbon, reduce energy use, mitigate water runoff, and clean the air. Recently, university researchers have quantified the value of a subset of these ecosystem services (Ingram, 2012 (Ingram, , 2013 . However, no study to date has captured the economic costs of component horticultural systems while conducting a LCA of any green industry product. This study attempts to fill that void using procedures first developed by Norris (2001) .
Knowing the carbon footprint of production and distribution components of fieldgrown trees will help nursery managers understand the environmental costs associated with their respective systems and evaluate potential system modifications to reduce GHG emissions. The dynamic nature of the cost/GHG relationship needs to be understood fully to ascertain the tradeoffs that may occur.
During their useful life, trees have a significant, positive impact on atmospheric GHG. The life cycle GWP of the described redbud tree, including GHG emissions during production, transport, transplanting, takedown, and disposal, would be a negative 63 kg CO 2 e (Ingram et al., 2012) . These data can be used to communicate to the consuming public the positive economic and environmental value of trees in the landscape.
Materials and Methods
The nursery production system modeled in this study was a field-grown, 5-cm (2-in)
caliper Cercis canadensis 'Forest Pansy' in the Lower Midwest. This flowering tree was selected as representative of the flowering tree category because of its prominence in the geographic area being studied. It is important to recognize that we report results in per-tree equivalent units (EQUs). EQUs are used by some nursery operations to track the costs associated with producing different products, namely different-sized trees. By reporting study outcomes in per EQU, the cost and GHG inventory can be used to estimate the performance of additional tree product sizes not considered in this study. There is significant variation in production system protocols used by nursery growers in the region but a model system incorporating best management practices was described after interviews with three nursery managers. The model production system in this study includes seedling production in a specialized nursery using in-row, field production encompassing one growing season. Seeds would be purchased from a nearby collector. The field would be planted with a cover crop during a fallow year every fourth year and then prepared for sowing of redbud seed. The resulting seedlings from the first nursery would be transported 48 km (30 mi) to a second nursery that would grow the plants in rows on 20-cm (8-in) centers in the spring. 'Forest Pansy' buds would be chip-budded onto the seedlings in August. Plants would be staked and trained throughout that growing season before a December to February harvest after the second growing season. The resulting 1.5 to 1.8 m (5 to 6 ft), lightly branched, bare root liners would be shipped 402 km (250 mi) to a third nursery where they would be transplanted in the field in March or April after a fallow year with a cover crop. After three growing seasons, the trees would be harvested as a 5-cm (2-in) caliper, spade-dug finished product. The tree would be shipped an average of 386 km (240 mi), 120 trees per tractor trailer transporter, and transplanted into a favorable landscape site.
This LCA portion of the study followed published standards of the International Organization for Standardization (Geneva, Switzerland), and PAS 2050 guidelines by BSI British Standards (B.S.I., 2011). Equipment use and input products were inventoried and their individual GHG emissions were determined, converted to kg CO 2 e per functional unit, and summed. Emissions from the manufacturing of capital goods such as buildings and machinery were not included in this study as per PAS 2050, Section 6.4.4 (3). Impact of land use change was not included in this study because it was assumed that the farms have been in agricultural production for at least 50 years and in nursery production for at least 20 years. Other details regarding the LCA procedures and input materials and equipment use are detailed in Ingram and Hall (2013) .
As mentioned earlier, the main objective here is to provide the detailed results of the cost analysis portion of the study. Thus, only the summary results of the LCA are provided in this article; more details are provided in Ingram and Hall (2013) . The entire production system for redbud production was modeled using an economic engineering approach. It is important to note that only variable costs of each cultural practice (activity) were included in the analysis. This is common practice when using a partial budgeting economic framework. Facilities may vary significantly among successful operations in the industry; therefore, corresponding fixed costs also vary accordingly. Because of this, fixed costs associated with land, buildings, and other structures were not included in the analysis. This approach follows Hinson et al. (2008) in which the authors make a case for departing from traditional economic engineering methods as a result of the extreme differential that exists among nursery firms in terms of the leverage and other fixed costs associated their asset base.
Following previously referenced enterprise budgeting procedures for ornamental crops (Hall et al., 2002; Hinson et al., 2008; Jeffers et al., 2010) , the amount of labor required to perform each cultural practice or activity was tracked as was the amount of time machinery and equipment was operated and the amount of materials that were used (e.g., fertilizers, pesticides, etc.). Based on the advice from cooperating growers, the amount of labor needed to perform each activity in the nursery was multiplied by a factor of 1.25 to account for non-productive time such as setup, cleanup, etc. The Adverse Effect Wage Rate (AEWR) of $10.81 was used, which is the average minimum wage that the U.S. Department of Labor has determined for the states included in the Lower Midwest region (Kentucky, Ohio, Indiana, Illinois, Montana, Kansas, and Oklahoma) where these trees are typically produced in field nurseries (D.O.L., 2012a, 2012b). The AEWR represents the wage level that must be offered and paid to U.S. and alien workers by agricultural employers of nonimmigrant H-2A agricultural workers. Costs of materials were valued at 2012 prices obtained from green industry wholesale distributors and manufacturers. Equipment costs per hour were representative of those reported in enterprise budgets for horticultural crops produced in the Lower Midwest region ( Partial budget modeling procedures were also used to measure the sensitivity of related costs and potential benefits associated with short-run changes in cultural practices in the production systems analyzed. This is a proven technique widely cited in the literature (23 citations in the HortScience archive alone) and is used when comparing two or more similar production systems (Hunter et al., 2012; Samtani et al., 2012; Villordon et al., 2011) . Usually the comparison is between a benchmark system and one or more alternatives, as is the case in this project.
The partial budgeting technique compares the negative effects (costs added) of applying a new treatment relative to a base or standard treatment with the positive effects (cost savings) associated with the new treatment relative to the base or standard treatment. Therefore, in this project, it requires the consideration of the returns associated with treatments and changes in the structure of the production costs. Aspects of costs and returns that do not change with the treatment relative to the base are not considered in this portion of the analysis. Thus, the technique of partial budgeting examines only the effect of the proposed change in practice, assuming all other aspects of the green industry value chain remain unchanged. This is done by considering the physical changes associated with the alternatives being proposed and then determining the effects of these changes on the financial position of the business using, in this case, total variable costs of production as a proxy.
The typical partial budgeting approach measures overall project impact by measuring four separate effects including: 1) added costs of production incurred by the use of alternative materials, cultural practices; 2) added income resulting from increased levels of production and/or price premiums associated with higher quality crops; 3) costs savings realized through more efficient management practices or reduced inputs; and 4) income that may be lost when substituting one crop for another in the production system. This study focused entirely on the cost-related items (i.e., first and third effects). The sensitivity of the results to various production input prices, wage rates, and operational conditions was investigated by altering values of the selected variables, one at a time, from the baseline values.
As mentioned, the model production system for flowering trees consists of a seedling stage, a liner stage, and a field production stage. The costs of producing trees were delineated according to these individual stages of production. Each stage of the production system was modeled by incorporating best management practices for the field nursery industry. To ground-truth each system, interviews with nursery managers ensured that the model systems reflected cultural practices considered to be the norm for the industry. Of course, the life cycle of the tree extends well beyond the farm gate and the costs associated with getting the tree to the landscape, planting, and eventual take-down and disposal were also captured in this analysis.
For each stage, cultural practices from the fallow year to the harvest were defined and the costs of labor, materials, and equipment use estimated (Table 1 ). The amount of time to perform each cultural practice was then multiplied by the wage rate and then divided by the number of marketable seedlings produced to obtain the labor cost per marketable seedling. Similarly, the cost of each of the materials used in performing each cultural practice was recorded, then multiplied by each input price to obtain the total materials costs, and then divided by the number of marketable seedlings to obtain the cost per seedling. To determine the final number of marketable trees, a grower-determined shrink or scrap rate of 15%, 25%, and 10% was used for the seedling, liner, and field production stages, respectively. Input prices were obtained from 2012 price lists of green industry manufacturers and distributors and averaged when multiple prices were obtained. Lastly, the cost of operating each piece of machinery and equipment was derived from published enterprise budgets (Hall et al., 2002; Hinson et al., 2008; Jeffers et al., 2010 ), converted to current dollars using the GDP price deflator, and then multiplied by the number of hours each tractor or implement was used and then divided by the total number of seedlings to obtain the equipment-related cost per seedling. Total variable costs were derived by summing the total labor, materials, and equipment costs.
Fixed or overhead costs (depreciation, interest, repairs, taxes, insurance, and other general overhead items such as management salaries) were not a part of this study because they may vary dramatically among nursery growers as a result of differences in each nursery firm's asset base (land, buildings, etc.). More importantly, only direct or variable costs were necessary because we were evaluating the associated costs of activities used in producing flowering redbud trees as part of the LCA. The only exceptions were the semivariable costs associated with electricity used in the office and gas used for vehicles on the nursery. These were included in the analysis because of their semivariable nature and their documented influence on GHG emissions (Ingram, 2013) . It is important to note, however, that industry gross margins typically range from 48% to 52% for field-grown nurseries (American Nursery and Landscape Association, 2003); thus, the portion of costs contained here for the tree production stages would represent roughly half of the total costs one might expect to find across the industry.
Results and Discussion
Total variable costs incurred during the seedling stage were slightly over $0.05 per marketable seedling. This was made up of $0.020, $0.029, and $0.002 for labor, materials, and equipment operating costs, respectively. These costs are necessarily small when expressed on a per-unit basis as a result of the high planting density of redbud seedlings. Tables 1 to 3 are columns reflecting the GWP associated with the materials and equipment used while performing each cultural practice (labor constitutes no GWP). As stated earlier, GHG (primarily CO 2 , N 2 O, and CH 4 ) are expressed in relation to the GWP potential of CO 2 in a standard 100-year assessment period (Ingram, 2013) and are presented in kilograms CO 2 e, as indicated in the first two columns of each table. The GWP of materials and equipment used during the seedling stage of production was 0.0038 kg CO 2 e and 0.0046 kg CO 2 e, respectively.
Also included in
The liner phase of the model production system involved taking the seedlings produced during the seedling phase and transplanting them in the field. Costs of $1.90, $0.70, and $0.27 were accumulated during the liner stage for labor, materials, and equipment use, respectively ( Table 2) . Most of the costs were incurred while performing labor and equipment intensive cultural practices such as transplanting, staking, suckering and pinching, and removing stakes.
Total variable costs for the seedling and liner stages combined amounted to $2.93 per liner, including $1.92 per liner for labor, $0.73 for materials, and $0.27 per Table 1 . Greenhouse warming potential (GWP; kg CO 2 e) and variable labor, materials, and equipment costs associated with cultural practices in a model production system for a field-grown seedling of Cercis canadensis L. 'Forest Pansy'. liner for equipment use. The GWP associated with the seedling and liner stages combined included 0.3123 kg CO 2 e for materials and 0.2228 kg CO 2 e for equipment use. These values represent the contributions of equipment use, input materials, and transportation of the liner to the field nursery. From this, the carbon sequestered in the liner during production would be subtracted. The final phase, field production, represents the bulk of the costs incurred during the production of landscape-sized flowering trees (Table 3) . This is mainly because it is a 4-year process that is very labor-and equipmentintensive and the comparatively low population per hectare, which increases costs on a per-unit basis. A total of $34.81 was spent performing all of the cultural practices necessary to produce a marketable 5-cm caliper redbud tree during the field production stage. The most expensive cultural practices included transplanting the liner, digging with a tree spade, and loading and unloading activities. The GWP associated with the field production stage included 4.9574 kg CO 2 e for materials and 12.1947 kg CO 2 e for equipment use but was offset by 10.5395 CO 2 being sequestered in the tree during production (Ingram and Hall, 2013) .
Total farm-gate variable cost (the seedling, liner, and field production phases combined) amounted to $37.74 per marketable tree, comprised of $9.90 for labor, $21.11 for materials, and $6.73 for equipment use, respectively. However, post-harvest costs (e.g., transportation, transplanting, take-down, and disposal costs) added another $33.78 in labor costs and $27.08 in equipment costs to the farm-gate cost, yielding a total cost from seedling to end of tree life of $98.60. Of this, $43.68 was spent on labor, $21.11 spent on materials, and $33.81 spent on equipment use during the life cycle of each marketable tree. Again, it is important to note that only variable labor and materials costs are included even in the post-farm-gate costs; industry benchmarks show that these typically represent only 33% of the total costs arborists and other service providers would actually incur (Lawn and Landscape, 2012 ).
An important feature of a modeling system using LCA within an economic engineering framework is the ability to determine the sensitivity of the system to impact of possible production system component modifications. In other words, the effect of varying one particular input on associated costs can be measured (holding all other inputs constant). One area of concern in any LCA study is transportation-related impacts because those receive the bulk of attention from the media. In this model system, transporting each finished tree 240 miles (the mean distance among study cooperators) would result in GHG emissions of 3.891 kg CO 2 e and reducing that to 100 miles would reduce the GWP by 58% (1621 kg CO 2 e) and the variable cost by $3.03 per marketable tree.
The analysis of the production system components revealed that 29.7% of the GHG emission and 13.3% of the costs occurred during harvest and loading trucks. The processes of loading trees in the field, hauling them to a shipping area, setting them off the Table 2 . Greenhouse warming potential (GWP; kg CO 2 e) and variable labor, materials, and equipment costs associated with cultural practices in a model production system for a field-grown liner of Cercis canadensis L. 'Forest Pansy'. wagon, and later loading them on a truck contributed 5.1026 kg CO 2 e to the GWP of the product at a cost of $5.03. If the nursery could increase the efficiency of these operations (e.g., by reducing wasted movements or incorporating other lean management principles) and reduce the time required by 25%, the GWP would be reduced by 1.701 to 4.402 kg CO 2 e and the cost would be reduced by $1.68 to $3.35 for harvest operations.
Another area of concern in the environmental policy arena lies in the area of fertilizer Table 3 . Greenhouse warming potential (GWP; kg CO 2 e) and variable labor, materials, and equipment costs associated with cultural practices in a model nursery production system for a field-grown, 5-cm caliper Cercis canadensis L. 'Forest Pansy' tree. use during the field production phase. If onethird more (less) fertilizer was used than the recommended rate, GWP would increase (decrease) by 0.396 kg CO 2 e and $0.28 would be added to (deducted from) the variable cost of the tree. If plant mortality were impacted by the cull rate during the final field production phase and losses were 15% instead of the assumed 10%, GWP assigned to each marketable tree at the farm gate would increase by 0.6193 kg CO 2 e and increase the variable cost of each tree by $1.42. One might expect the impact of an additional 5% culls to have a greater impact on GWP and cost; however, culls would not be harvested and 63% of GHG emissions occur at harvest. This scenario includes the GWP and costs associated with removing the additional culls. If the time required for the field production phase was 4 years instead of the assumed 3 years, the GWP per tree would increase by only 1.18 kg CO 2 e and the variable costs by $0.75.
Labor is obviously a major component of the cost structure for the modeled production system. The average 2012 Adverse Wage Rate of $10.81 was used in the study. If the 90th percentile wage rate of $12.46 for nursery and greenhouse farmworkers as reported by the Bureau of Labor Statistics were used instead of the Adverse Wage Rate, variable labor costs would have increased by 15%. Total costs incurred during the entire life cycle would have risen from $98.60/tree to $105.27/tree. The sensitivity to the overall cost structure can also be applied to other types of increased labor expenses that are expected in the future (e.g., Affordable Care Act).
Conclusions
As the green industry continues to mature, differentiation is an increasingly important business strategy for green industry businesses. One such way to accomplish this is by exhibiting environmentally friendly behaviors and/or selling products that offer environmental benefits. Consumers' awareness and concern about environmental issues are exhibited by their interest in purchasing products that are designed to reduce longterm adverse environmental impacts. With regard to the green industry, the relationship between environmentally friendly business practices and consumer preferences suggests that nurseries growing trees may realize financial benefits for their efforts toward designing environmentally sound products. In the current example, planting more trees that more than offset the amount of GHG that are generated during their production by the amount of GHG they sequester during their lifespan could be emphasized during firmlevel marketing efforts.
The findings from this research validate those of previous studies that found that input costs of production processes (machinery, water, fertilizers, pesticides, and energy) are a significant portion of the nursery variable operation costs. Thus, a more efficient use of these environmentally sensitive inputs cannot only reduce production costs for the nursery, but reduce their environmental risks or impacts as well. In this study, LCA has been shown to be an effective tool for nursery growers in understanding the inputs, outputs, and impacts of systems producing fieldgrown trees. It has also provided a linear time-oriented way of allocating costs to those systems. Information gained from this cost analysis and LCA of field-grown ornamental tree production systems will help managers better understand the economic dimensions of their production systems and associated cultural practices and help them better articulate an improved value proposition for their products in the green industry marketplace.
